Hepatocellular accumulation of free fatty acids (FFAs) in the form of triglycerides constitutes the metabolic basis for the development of nonalcoholic fatty liver disease (NAFLD). Recent data demonstrate that excess FFA hepatocyte storage is likely to lead to lipotoxicity and hepatocyte apoptosis. Hence, FFA-mediated hepatocyte injury is a key contributor to the pathogenesis of nonalcoholic steatohepatitis (NASH). Nonalcoholic steatohepatitis, obesity, type 2 diabetes, essential hypertension, and other common medical problems together comprise metabolic syndrome. Evidence suggests that peptide hormones from the L cells of the distal small intestine, which comprise the core of the enteroendocrine system (EES), play two key roles, serving either as incretins, or as mediators of appetite and satiety in the central nervous system. Recent data related to glucagon-like peptide-1 (GLP-1) and other known L-cell hormones have accumulated due to the increasing frequency of bariatric surgery, which increase delivery of bile salts to the hindgut. Bile acids are a key stimulus for the TGR5 receptor of the L cells. Enhanced bile-salt flow and subsequent EES stimulation may be central to elimination of hepatic steatosis following bariatric surgery. Although GLP-1 is a clinically relevant pharmacological analogue that drives pancreatic β-cell insulin output, GLP-1 analogues also have independent benefits via their effects on hepatocellular FFA metabolism. The authors also discuss recent data regarding the role of the major peptides released by the EES, which promote satiety and modulate energy homeostasis and utilization, as well as those that control fat absorption and intestinal permeability. Taken together, elucidating novel functions for EES-related peptides and pharmacologic development of peptide analogues offer potential far-ranging treatment for obesity-related human disease.
States as compared with persons of normal weight [2] [3] [4] as determined by analysis of the NHANES III survey data. 4 The most closely associated feature of obesity in the liver is nonalcoholic fatty liver disease (NAFLD). Nonalcoholic fatty liver disease is a spectrum of liver diseases defined on both clinical and histopathologic grounds. Hepatic lesions may include simple steatosis, or NAFL; steatohepatitis, or nonalcoholic steatohepatitis (NASH); nonalcoholic steatofibrosis (NASF). Nonalcoholic fatty liver disease also carries a potential risk for the development of cirrhosis, end-stage liver disease, as well as a synergistic risk for hepatocellular carcinoma (HCC). Along with obesity, NAFLD is now recognized as a common feature of the metabolic syndrome (MetS), for which diagnostic algorithms typically include at least three of the following: essential hypertension, elevated triglycerides (TGs), low high-density lipoproteins (HDLs), type 2 diabetes mellitus (T2DM) or glucose intolerance, polycystic ovarian disease (PCOD), waist circumference greater than 40 inches (102 cm) in men or more than 35 inches (88 cm) in women. We have included here several major features of metabolic syndrome, but refer the reader to a review of the diagnostic criteria established by several published studies. [5] [6] [7] A common feature of MetS-related disease is both hepatic and systemic insulin resistance. Mammalian insulin resistance occurs in three cell types: adipocytes, skeletal myocytes, and hepatocytes. In this review, we will focus on hepatocyte insulin resistance, more specifically as it relates to triglyceride and FFA metabolism. The reader is referred, however, to several recent reports for a comprehensive review of systemic insulin resistance. 8, 9 Upon binding of insulin to the hepatic insulin receptor and subsequent insulin receptor substrate activation, a well-defined pathway ultimately resulting in activation of Akt (or protein kinase B-PKB) occurs that permits storage of glycogen. For the purpose of this discussion when hepatocyte insulin resistance develops and glycogen synthesis is exhausted, de novo lipogenesis (DNL) of free fatty acids (FFAs) becomes the primary pathway to store excess glucose, or energy, in the liver. Key enzymes associated with DNL include, fatty acid synthase (FAS) and acylCoA carboxylase (ACC). Most FFAs become associated with TG assembly, and as TGs, are considered to be relatively nontoxic. However, FFAs per se and their metabolites are more likely to result in hepatocyte injury, in part by exacerbating inflammation, invoking the unfolded protein response (UPR), and disrupting orderly electron transport in the mitochondria. Taken together these interrelated FFA-induced organelle and cell membrane perturbations conceptually define lipotoxicity. Lipotoxicity will be briefly reviewed in the context of recent work reported on the role of glucagon-like peptide-1 (GLP-1) and its analogues.
It is important to recognize the accumulation of both FFAs and TGs in the setting of hepatocyte insulin resistance is exacerbated as a result of regulatory changes of enzymes related to the normal handling of FFA storage and disposal by hepatocytes. For example, carnitine palmityl transferase I (CPT-1), the rate-limiting enzyme for delivery of FFA to mitochondria for β-oxidation, is downregulated. 10 Apolipoprotein biosynthesis and the secretion of very low-density lipoproteins (VLDLs) are also impaired. Hence, in the setting of hepatocyte insulin resistance, FFA metabolism is dynamically altered by increased production (DNL), impaired secretion, and decreased β (β), delta (δ), and omega (ω) oxidation. The role of FFA oxidation as a means of a safe and effective elimination of hepatocyte FA/TG stores is controversial, however. Nonetheless, perturbations in normal FFA hepatocyte metabolism will result in excess storage of hepatocyte FFAs, ceramides, and other lipid intermediates, and increase the likelihood of hepatocyte lipotoxicity while perpetrating hepatocyte insulin resistance, which only serves to further lipid accumulation.
Hepatocyte Lipotoxicity
Hepatocyte lipotoxicity, the result of FFA accumulation and respective intermediates leads not only to cellular dysfunction, but ultimately to apoptotic cell death. For an in-depth discussion the reader is referred to a recent review by Trauner and colleagues 11 ; however, injury and inflammation that result as a consequence of lipotoxicity and hepatocyte apoptosis are the most likely culprits in driving the progression of simple steatosis to NASH, NASF, and cirrhosis. Investigational efforts to dissect the molecular mechanisms accounting for hepatocyte lipotoxicity are ultimately critical for intervention to prevent progression of NAFLD and chronic liver disease. Recent investigational efforts have focused on FFA saturation in NAFLD, which can exacerbate progression of disease. In vitro studies indicate that the degree of FFA saturation, e.g., palmitic acid (PA) is more likely to provoke hepatocyte injury and death, when compared with monounsaturated fatty acids, for example, oleic acid (OA). [12] [13] [14] The accumulation of saturated FFAs, and hepatocyte insulin resistance -seminal risk factors for NAFLD progression-has intensified the investigation of these biochemical features with respect to endoplasmic reticular stress (ER stress)-or the UPRas the major player in lipotoxicity and lipoapoptosis associated with NAFLD progression. Endoplasmic reticular stress is reviewed in greater detail elsewhere in this issue. 15 Briefly, ER stress suppresses translation of mRNA by inhibiting eukaryotic initiation factor 2 α (eIF2-α). [16] [17] [18] The consequence of such actions in the ER is accumulation of misfolded proteins and cell cycle arrest; however, if the capacity to handle the stress is exceeded, induction of transcription factors including c-β homologous protein (CHOP) sets off a series of molecular events that inhibit the Bcl-2 family of cell survival proteins, which leads to impaired mitochondrial function and ultimately apoptosis. 11, 12 Another mechanism associated with NASH-related injury is autophagy, a lysosomal-mediated mechanism that degrades specific cell organelle components. The degradation of cellular fat plays a significant role in preventing hepatocyte-mediated lipid injury. This process, also called lipophagy, ultimately results in the degradation of cellular fats; however, the homeostatic role of lipophagy can be significantly altered when excess hepatocyte FFAs are present. A recently detailed review by Czaja and colleagues is referenced for the reader. 19 Endoplasmic reticular stress and lipophagy are just two factors that can modulate liver injury when FFAs-and not triglycerides-change the metabolic dynamics in hepatocytes. In this review, we will summarize the growing importance of gut peptide hormones with respect to obesity, NAFLD, and T2DM. We have become interested in these peptides following extensive investigation of GLP-1 and its relationship to hepatocyte FFA metabolism. Moreover, we will summarize how gut peptide hormones have the potential to have clinical relevance based on recent basic and clinical observations. Biological observation of GLP proteins and glucose-dependent insulinotropic peptide (GIP) has resulted from the fundamental metabolic studies by Drucker and colleagues. [20] [21] [22] [23] We will briefly review work we have conducted in vitro and in vivo specifically regarding mechanisms that account for how GLP-1 analogs protect hepatocytes from excess FFA stores. 24 Clinically, the increased utility of bariatric surgery for obesity and other MetS indications has greatly facilitated a renewed interest in the beneficial role of gut peptides, the intestinal cells responsible for their production, as well as the relationship between the enterohepatic circulation of bile salts and the key receptor on these cells, the TGR5 receptor. Following a brief review of the EES, we will update the reader on potential roles for gut hormones with a focus on lipid and FFA metabolism in the liver associated with hepatocyte insulin resistance.
The Enteroendocrine System
The enteroendocrine system (EES) is considered the largest endocrine system in mammals. 25, 26 Enteroendocrine cells (EEC) of the gut are specialized epithelial cells that undergo rapid mitosis, but represent only a small fraction of gut epithelial cells. These cells secrete a vast array of peptide hormones that include somatostatin, gastrin, cholecystokinin (CCK), GIP, glucagon-like peptides (GLP), oxyntomodulin (OXM), neuropeptide Y (NPY), peptide YY (PYY), and pancreatic peptide (PP). 25, 26 Found primarily in the mucosa, EEC arise from pluripotent intestinal stem cells, and are primarily characterized by morphology. They are preferentially labeled α, D, F, G, I, K, L, P, or X cells, and enterochromaffin cells (►Table 1). [26] [27] [28] [29] [30] The core function of the EEC is to serve as the nutritional sensor of the gut, secreting hormones that are widely known to affect intestinal motility, insulin secretion, appetite, and metabolism.
Morphologically, EEC are either "open cells," exposed to luminal contents, with apical cytoplasmic processes and microvilli extending into the luminal space; or "closed cells," which are not exposed to luminal contents, and therefore signal indirectly through neural circuits or humoral mechanisms. 26, 31, 32 Open EEC contain chemoreceptors that respond directly to nutrients and other luminal contents. Their products are stored in secretory vesicles located near capillaries and nerve endings, and are released by exocytosis at the basolateral membrane, thereby having the capacity to affect both local and distal targets. 26, 32, 33 Current lineage data suggest that EEC differentiation is controlled by both Notch and Wnt signaling (►Fig. 1). 28, 34 Notch signaling mediates lateral inhibition of adjacent cells, thereby preventing adjacent cells from adopting the same phenotype. 25, 35 Recent data from Barker et al demonstrated that a Wnt target gene Lgr5/GPR49 is present and required in all EEC types (►Fig. 1). 35, 36 The vast array of cell types (►Table 1) makes the EEC extremely versatile in its ability to handle various nutritional signals presented in the gastrointestinal (GI) lumen. Initially described by the peptide they secreted, recent studies have demonstrated that these different cells types are capable of secreting a variety of peptides, with considerable overlap. 35 Indeed, mouse studies by Habib et al demonstrated that L cells from the upper portion of the small intestine more closely resembled K cells from the same region of the small intestine than colonic L cells. 27 One current hypothesis suggests that L and K cells within the small intestine comprise a single cellular subtype in which changes are mediated by location and exposure to dietary nutrients. The concept of "geographic" and nutrient specialization typifies the dynamic capacity of phenotypic function of the EEC cells, mediated primarily by intraluminal contents. This plasticity may also account for how Roux-en-Y gastric bypass results in the resolution of T2DM when such a bariatric surgical procedure is performed for the treatment of obesity and MetS.
Bariatric Surgery: The Role of Gut Peptides in the Cure for Diabetes
The concept that EEC hormones play a pivotal role in FFA metabolism has gained significant attention due to effects clinicians have observed in patients undergoing bariatric surgery. Various surgical procedures for obesity result in appetite suppression and improved fuel utilization, which has been extensively reported elsewhere. [37] [38] [39] [40] The most common bariatric procedures performed include laparoscopic adjustable gastric banding, which accounts for 42% of all bariatric procedures worldwide, and the Roux-en-Y gastric bypass, accounting for 47%. 41, 42 Roughly 10% of bariatric surgical procedures performed include sleeve gastrectomy and biliopancreatic diversion (with or without duodenal switch). 42, 43 A review of these procedures is summarized by O'Brien 41 and Hng et al. 43 The Roux-en-Y procedure creates a small gastric pouch by removing a small portion of the stomach, which is then connected to the proximal jejunum forming the Roux limb, which is anastomosed to the duodenal limb forming a Y configuration. 41, 43 This procedure more than all others has yielded significant information and biological insights into gut peptide regulation related to fatty acid metabolism. Postoperatively patients who undergo the Roux-en-Y procedure have a marked reduction in hepatic lipid content and improved hepatic insulin sensitivity well before significant weight loss occurs. [44] [45] [46] These benefits to the liver are directly related to at least two EEC-synthesized gut peptides GLP-1, and peptide YY (PYY).
Glucagon-Like Peptide
Of the gut peptides discussed here, the most widely studied to date has been GLP-1. Glucagon-like peptide-1 is secreted by the L cells of the distal small intestine and proximal colon. It was initially discovered in the saliva of the Gila monster, Heloderma suspectum. 47 In fact, part of the reason GLP-1 was discovered and characterized was based on the cardinal feature of human bites by the Heloderma monsters that result in hypoglycemia. Over the span of mammalian evolution, however, GLP-1 peptide secretion by the L cells was thought to have limited biological relevance because it is immediately cleaved by dipeptidyl peptidase IV (DPPIV), which prevents the peptide from stimulating pancreatic insulin secretion following feeding 48-51 -the incretin function for which GLP-1 was originally described. Today, pharmacological development of GLP-1 analogues renders such analogues impervious to DDPIV enzyme cleavage. Conversely, pharmacological use of DPPIV inhibitors results in the prolonged half-life of naturally occurring GLP-1, an alternative in restoring its incretin activity. Taken together, these agents have been an important advancement in the treatment of T2DM because their use may delay the administration of exogenous insulin to patients with insulin resistance. Until recently, the primary functions of GLP-1 and related synthetic protein analogues were limited to the incretin function. Also GLP-1 analogues were thought to improve systemic and hepatic insulin sensitivity (or decrease insulin resistance) indirectly via insulin release from the endocrine pancreas. However, recent published data have challenged these paradigms The L cells responsible for secreting GLP-1 possess TGR5 receptors, which are proving to be of intense clinical interest following bariatric surgery. This is because, for example, creation of Roux limbs associated with bariatric surgery is highly beneficial in eliminating hepatic fat stores shortly after the procedure, resulting in a significant increase in the intraluminal bile acid (bile salt) concentrations. TGR5 is a G-protein-coupled receptor (GPCR) that is also known as a membrane-type receptor for bile acids (M-BAR) or Gprotein-coupled bile acid receptor 1 (GBAR1). Therefore, it is well-established the TGR5 receptor avidly bind bile salts, with lithocholic acid being its most potent ligand (EC 50 35 nM). 52 A consequence of increased bile acids following bariatric surgery is a sharp increase in the concentration of serum GLP-1, far more than is typical following ingestion of a meal. Hence, excess GLP-1 secretion increases β-cell output of insulin, but excess GLP-1 itself may have direct beneficial effects on liver and adipose tissue independent of insulin. Admittedly, although GLP-1 receptors are known to be present in brain, kidney, and the enteric nervous system-with known physiologic function-their presence on other metabolic tissues, including the liver, has been disputed.
Glucagon-like peptide-1 receptors on pancreatic β cells have been cloned and are also identified as G-protein-coupled receptors (GPCR type II). 22, 53, 54 Glucagon-like peptide-1 receptors function by activating G proteins, allowing for recruitment of signaling (and active) G S proteins that in turn activate adenylate cyclase, generating cAMP. Over the span of 10 years following the initial discovery of these receptors, many investigators searched for additional receptor isoforms for GLP-1 in various organs including the CNS, kidney, and GI tract. As a consequence, the GLP-1 receptor has been identified with functional GPCR capacity and physiological function in the satiety center of the brain, kidney, the enteric nervous system of the GI tract, and bile duct cells. Glucagon-like peptide-1 is also considered to be an anorexigenic hormone. [54] [55] [56] Furthermore, physiological studies in rodents demonstrate that GLP-1 suppresses appetite in the satiety center, delays gastric emptying, and increases insulin secretion. 22, [56] [57] [58] [59] In short, GLP-1 has key pleotropic functions in addition to aiding in serum glucose utilization indirectly via insulin action. That is, these effects of GLP-1 on fundamental metabolic functions are independent of insulin, have been demonstrated in humans, 60 and are not solely dependent on improving insulin resistance by GLP-1-enhanced insulin output. 61 These physiological control mechanisms, however, are also known to be regulated following identi-fication of the identical GPCR in the pancreatic β cells. 54, 61, 62 For these reasons, the GLP-1 analogues and DPPIV inhibitors are such attractive agents in the treatment of T2DM because many patients are not only insulin resistant, but are obese. The clinical benefits for GLP-1 therapies are significant: appetite suppression, improved systemic insulin resistance, and reduced gastric emptying with increased satiety. Hence, these systemic physiological benefits have been thought to be responsible for improved hepatic lipid metabolism-that the benefit of GLP-1 in reducing FFA and TG liver stores was an incidental and not a direct consequence of GLP-1 pharmacological action.
There are recent studies, however, which do not dispute the indirect beneficial actions of GLP-1 proteins, but rather provide additional evidence that there are independent features of GLP-1 proteins that directly reduce hepatic FFA and triglyceride stores, and thereby directly improve hepatocyte insulin resistance. These studies imply a direct role for GLP-1 proteins in hepatic lipid metabolism in addition to-and not because of-suppression of appetite, delayed gastric emptying, and improved insulin sensitivity.
Before reviewing these putative independent GLP-1 functions, several laboratories, including our own, have reported identifying a GLP-1 receptor on hepatocytes in vitro. 61, [63] [64] [65] Recent data indicate that the GLP-1 receptor may also exist on adipocytes. 66 We and others have demonstrated that the GLP-1 receptor, initially cloned in the 1990s in the endocrine pancreas, is present on the hepatocyte. 53, 54, 61, 62, 67 Drucker and colleagues still report their inability to identify the GLP-1R on hepatocytes, but were able to identify receptor in whole mouse liver protein lysates. This group also confirmed data that we and others have reported, showing that the GLP-1 analogue exendin-4 results in hepatocyte enzyme expression that favors FFA depletion through increased β oxidation. 68 Our laboratory has used a variety of means to demonstrate that the presence of GLP-1R on hepatocytes functions as a GPCR, and invokes several protective mechanisms that are metabolically active with respect to insulin sensitivity (►Fig. 2). 61, 63, 67 In vitro, even in the absence of insulin, fat-loaded primary human hepatocytes and established human cell lines, e.g., Huh7, all demonstrate that the direct effect of GLP-1 reduces FFA stores and directly affects FFA and triglyceride metabolism. 61, 63, 69 Importantly, in addition to proving enhanced elimination of FFA and triglycerides in vitro in human hepatocytes, we have also demonstrated that GLP-1 analogues reduce hepatocyte lipotoxicity and enhance lipophagy (►Fig. 2). Although experts in the field all now agree that GLP-1 peptides enhance FFA elimination from hepatocytes, exactly how this occurs remains controversial. Because the use of PPAR agonists and other agents have not proven to be sufficient to treat NAFLD over a sustained period, the use of GLP-1 analogues in clinical medicine for the indication of treating some patients with aggressive NASH has become quite attractive.
Although beyond the scope of this review, our co-investigators have shown that the GLP-1 analogue exendin-4 (Exenatide®) improves hepatocyte survival in rodent liver grafts with higher percentages of hepatocyte steatosis than control substances (unpublished communication, N. K. Gupta, MD, Emory University). These observations are potentially significant for liver transplantation because many donor livers have higher percentages of steatotic hepatocytes, limiting viable donor organ availability-a major problem facing transplant surgeons in the United States. 70, 71 Additional published data also indicate that GLP-1 proteins can interfere with both physiological and cellular mechanisms that inhibit FFA storage as TG in the liver. However, dietary restriction alone in the mouse model cohorts in the study failed to result in identical hepatic endpoints even though the mice lost significant body weight. 72 In short, studies with GLP-1 peptide analogues in vitro and in rodent models, as well as recent data from the bariatric surgery literature, suggest possible benefits for use in reducing hepatic steatosis.
Gastric Inhibitory Peptide: Structure and Action
Gastric inhibitory peptide (GIP) is a 42 amino acid polypeptide secreted by K cells found in the proximal small intestine and duodenum. There is significant amino acid sequence homology (> 90%) between human, porcine, bovine, mouse, and rat GIP. 73, 74 The active form is a 42 amino acid circulating peptide GIP- ; and similar to GLP-1, GIP is rapidly degraded by DPPIV to an inactive form, GIP- , with a half-life of ~ 5 to 7 minutes. 23, 32, 75 The primary role of GIP, like GLP-1, is that of an incretin, stimulating insulin secretion upon food ingestion. Hence, GIP is also known as glucose-dependent insulinotropic peptide. Gastric inhibitory peptide has also been shown to simulate pancreatic β-cell proliferation, and increase β-cell survival. 23, 73, 74, 76 Both glucose and dietary fat are potent stimulators of GIP secretion. 32, 77, 78 Rodent studies, using high fat diets, demonstrate significant increases in GIP mRNA and circulating plasma GIP 73, 79 ; however, there still remains considerable debate about the role of GIP in obesity and T2DM. Gastric inhibitory peptide levels in many patients are elevated in both T2DM and obesity, but the incretin effect of GIP is blunted. 80 The GIP receptor (GIP-R) belongs to the GPCR glucagon receptor superfamily. 23, 81 The seven-peptide-member transmembrane receptor is expressed in the pancreas, stomach, small intestine, adipose tissue, adrenal cortex, pituitary, heart, testis, endothelial cells, bone, brain, and central nervous system. 73, 74, 76 The GIP receptor has not been identified in the liver.
GIP and Lipid Metabolism: Controversy about GIP Therapeutics
In addition to its role in stimulating glucose uptake, GIP may play a key role in lipid homeostasis. Gastric inhibitory peptide has been shown in rodents to increase plasma triglyceride clearance following meals, increase fatty acid uptake, synthesis, reesterification, and fat storage by adipocytes. 23, 73, 76, 79 Indeed, disruption of GIP signaling in mice reduced fat accumulation in adipocytes, and GIP receptor knockout mice showed improved insulin sensitivity. 23, 73, 76, 79, 82 However, several recent studies raise more questions concerning the benefits of pursuing GIP therapeutics. Studies by Nie et al using 3T3-L1 CAR adipocytes, and Timper et al using human primary adipocyte cultures, both revealed that GIP treatment induced production of inflammatory cytokines and chemokines, and GIP-induced inflammation activated the Jun N-terminal kinase (JNK) pathway leading to disruption of insulin signaling in vitro. 83, 84 Recent studies by Asmar et al in humans, found evidence of enhanced FFA re-esterification in adipose tissue, but found no evidence of lipid clearance with GIP administration. 85, 86 Further studies revealed that GIP administration only affected triglyceride uptake in adipose tissue when combined with hyperinsulinemia and hyperglycemia-and that these effects were only demonstrated in lean subjects-indicating that GIP may be one of the pro-obesogenic stimuli mediating obesityinduced insulin resistance. 83, [85] [86] [87] Finally, a recent clinical study indicates that GIP in nondiabetic NASH patients may exacerbate fatty acid accumulation and biosynthesis, and that GIP antagonism would be clinically beneficial. 88 
GLP-2 Biology and Structure
Glucagon-like peptide-2 (GLP-2) is a 33-amino acid peptide produced as a cleavage product of proglucagon and is released in conjunction with GLP-1 from L cells following ingestion of a meal. 56, 89 GLP-2 is regulated in a nutrient-dependent manner, with carbohydrate and lipid serving as potent stimulators for its secretion. 22, 89 Glucagon-like peptide-2 is also degraded by DPPIV; however, the half-life of GLP-2 is longer than GLP-1 (~ 7-8 min in humans). The cleavage product GLP-2 (3-33) serves as a competitive antagonist to its cognate receptor, glucagon-like receptor-2 (GLP-2R). 22, 59, 90 Glucagon-like peptide-2 release has been demonstrated to stimulate intestinal mucosal growth, increase glucagon secretion, inhibit gastric emptying and gastric acid secretion, and stimulate intestinal blood flow. 22, 59, [89] [90] [91] Glucagon-like peptide-2 has recently been approved for the treatment of adult patients with short bowel syndrome (SBS).
GLP-2: The Counter Agent to GLP-1
Because GLP-2 invokes significant changes in intestinal absorption and mucosal growth, the major focus of GLP-2 research has been related to its induction of intestinal crypt cell proliferation; however, the majority of the GLP-2 receptors do not actually reside in intestinal crypt cells. Rather GLP-2 has been identified in enteric neurons, sub-epithelial myofibroblasts, and other EEC. Hence, the effects of GLP-2 via its receptor on the intestine are indirect.
There are limited data regarding the role of GLP-2 and lipid metabolism. 92 A clinical study by Meier et al demonstrates that following a test meal, GLP-2 administration in humans leads to an increase in postprandial plasma concentrations of triglycerides and free fatty acids compared with placebo controls. 93, 94 Hsieh et al evaluated GLP-2-mediated effects on lipid metabolism utilizing the Syrian golden hamster, a model with similarities to humans with respect to lipoprotein assembly and metabolism in which apolipoproteinB (ApoB)-48 is secreted exclusively by the intestine. [94] [95] [96] [97] [98] They found that GLP-2 stimulates intestinal ApoB-48 lipoprotein secretion via the scavenger receptor CD36 or fatty acid translocase (FAT). 94, 98 Although GLP-1 and GLP-2 are secreted and released by the same EEC in the fed-state in identical concentrations, evidence suggests that they have opposing effects with respect to postprandial FFA handling. As noted previously, GLP-1 appears to inhibit lipid accumulation and DNL, whereas GLP-2 appears to increase lipoprotein secretion and absorption. 63, 69, 94, [99] [100] [101] [102] The physiological relationship that exists between GLP-1 and GLP-2 is undoubtedly complex, and further studies are needed to clarify regulation, molecular signaling, interplay, and balance between these two gut hormones, particularly if novel therapeutic combinations are developed by industry. It would be of interest to determine the potential synergistic benefit of increased GLP-1 and GLP-2 in obese humans following bariatric surgery because increased flow of bile acids is known to stimulate the GPCR TGR5 in L cells where both peptides are synthesized and released. One attractive feature of GLP-2 therapy for SBS is restoration of the structural and functional integrity of the intestinal epithelium, which will reduce intestinal permeability. Because one hypothesis accounting for hepatic steatosis and NAFLD progression implicates intestinal dysbiosis that ultimately serves to impair intestinal barrier function with enhanced intestinal permeability-the recently approved pharmacological agent (teduglutide, or Gattex®) may be an attractive addition in clinical treatment trials for NAFLD.
Biology of Oxyntomodulin: A Bridge between Glucagon and GLP-1
Oxyntomodulin (OXM), a cleavage product of proglucagon, is a 37 amino acid peptide also secreted by L cells of the small intestine. 103 Oxyntomodulin is comprised of 29 amino acids of glucagon, with an additional eight amino acid carboxy-terminal extension, which results from preproglucagon processing. 103, 104 Oxyntomodulin is released after a meal, in proportion to nutrient and calorie intake, 42, 103 slowing gas tric emptying, increasing glucose uptake, inhibiting gastric and pancreatic exocrine secretion, increasing energy expenditure, and ultimately, reducing food intake and body weight in humans as well as in animal models. 105, 106 There is considerable excitement about the potential benefits of OXM as both an antiobesity agent and a potential T2DM treatment. Oxyntomodulin is a dual agonist, acting on both GLP-1R and glucagon receptors. 105 It has reduced affinity for each receptor as compared with their respective cognate proteins; however, OXM is considered to be an equipotent agonist. 103, 104, 107 Consequently, although OXM has reduced affinity, upon binding to either receptor it can activate the signaling cascades with the same strength as the cognate protein. Oxyntomodulin, like both glucagon and GLP-1, has been shown to induce hepatic cAMP accumulation. [108] [109] [110] However, research by Koole et al demonstrated that OXM, as opposed to GLP-1, differs in that OXM is more likely to invoke ERK1/2 activation than GLP-1, suggesting that OXM may have a different, as yet unknown role in vivo. 103, 108, 111 Very little information is known regarding OXM and lipid metabolism. Even less is known about how or whether OXM affects hepatocyte handling of FFA and TG. Most current research related to OXM has focused on weight loss observed in patients, and to a lesser extent its role in glucose homeostasis.
Biology of Neuropeptide Y: An Orexigenic Neuropeptide
Originally isolated from pig brain, NPY is a member of the pancreatic peptide family, which includes peptide YY (PYY) and pancreatic polypeptide (PP). 112, 113 Neuropeptide Y is a regulator of several key physiological processes and is rigidly conserved through evolution with respect to sequence homology and structure. 114 Neuropeptide Y mediates vasoconstriction and blood pressure, energy homeostasis, ethanol consumption (in rodents), anxiety reduction, and chronic pain. 115, 116 Neuropeptide Y is secreted by the hypothalamus and adrenal medulla and is released from both sympathetic and parasympathetic nerves. Within the GI tract the enteric neurons are the major source for NPY secretion. 112, 117 Neuropeptide Y is considered the most powerful central enhancer of appetite. It has been demonstrated to play a critical role in the control of food intake and body weight within the hypothalamus. 118 Within hypothalamic feeding circuits, NPY is located primarily in the arcuate nucleus, the orexigenic region of the hypothalamus. 112 Neuropeptide Y and agoutirelated protein (AgRP) extend into the lateral hypothalamus and upon stimulation increase feeding. 116, 118 Several feeding studies in rodent models demonstrate that central administration of NPY into different hypothalamic sites result in a robust, dose-dependent feeding response. 118 Interestingly, food deprivation is a major stimulus for hypothalamic NPY secretion, and NPY expression and activity are increased in strains of genetically obese mice. 116, [118] [119] [120] Taken together, these data provide a physiologic explanation for why longterm calorie restriction (dieting) may fail in attempting to provoke weight reduction in humans. 118 All of the PP (NPY, PYY) interact with a family of GPCRs that belong to the rhodopsinsuperfamily (class I). The four functional NPY receptors are Y1, Y2, Y4, and Y5. 112, 116, 121, 122 The cloned receptors have all been shown to couple to inhibitory Gproteins (G i ) and thus inhibit cyclic AMP synthesis. 112, 121, 122 Elucidating the exact role of each NPY receptor's role remains incomplete. Seminal studies by Herzog et al demonstrated that the receptor and cell type determine which second messenger system is primarily utilized. In general, the G-protein is dependent on phosphatidylinositol 3-kinase (PI3-K) activity, independent of protein kinase C (PKC) activity, and inhibited by Pertussis toxin (PTX). 112, 115, 123 Unlike NPY, which is ubiquitously expressed, NPY receptor subtypes appear to be restricted to specific tissues. In this manner, NPY is able to elicit a wide range of effects 115 ; more importantly, it would appear that some NPY receptors have opposing effects (as was discovered in at least two receptor subtypes Y1 and Y4). 115 This type of expression and regulation appears to serve as a unique mechanism for adapting to an individual's behavioral response to chronic stress. 124 
NPY in Obesity and NAFLD
Several studies have been conducted in rodent models to determine NPY's role in obesity, but there is limited direct data regarding NPY and NAFLD presently. As previously mentioned, central injection of NPY into the hypothalamus of rodents increases appetite and feeding. Additional studies by van den Hoek, demonstrated acute intracerebroventricular (ICV) infusion of NPY in mice signaled through the sympathetic nervous system 125 ; and subsequent effects of ICV infusion included hyperinsulinemia, hyperglycemia, and dyslipidemia; moreover, VLDL production was also significantly higher. 125, 126 Neuropeptide Y neuronal activity also appears to be governed by nutrient availability. 118, 125 Furthermore, NPY-mediated acute metabolic changes also appear to be regulated in the hypothalamus, whereas prolonged exposure to NPY may be under the control of the pituitary gland and adrenal medulla network.
Although a recent study implies that NPY receptors are upregulated in human NAFLD, the sample size was very small, and the focus of the experimental work using human tissue samples was hepatic stellate cells and not hepatocytes. 127 Patients with NAFLD had a positive correlation between increased saturated FFA intake and higher NPY levels, even after following a 12-month life-style/diet intervention, indicating that some individuals with NAFLD display hypersensitivity, or alternatively have abnormal stimulation of orexigenic NPY. 128 Future studies will need to focus on the interrelationship between saturated FFA consumption and liver on the one hand, and visceral fat on the other because both organs share a common sympathetic pathway 129, 130 ; hence, NPY represents an important link between the sympathetic nervous system, liver, and adipose tissue. Furthermore, the role of NPY stimulation in the CNS and the sympathetic nervous system may be an attractive strategy to promote weight reduction.
The Role of Peptide YY: Appetite Suppressor
Peptide YY, a 36 amino acid peptide, is another member of the pancreatic peptide family. It shares a close structural homology to both NPY and PP 117, 131, 132 . Like the other gut peptides reviewed, PYY is secreted and synthesized primarily by small intestinal L cells. 117, 132, 133 Peptide YY immunoreactive cells have also been found within the colon and rectum. 131, 132, 134, 135 Similar to GLP-1, PYY upon secretion is cleaved by DPPIV, which removes the N-terminal tyrosine and proline residues resulting in production of PYY , the major circulating form. 131, 132, 136 Peptide YY release is stimulated by a host of luminal nutrients, including short-and medium-chain fatty acids, amino acids, bile acids, and glucose. 132, 136 Peptide YY is a powerful inhibitor of GI motility, gastric emptying, and absorption of water and electrolytes. Peptide YY has also been shown to inhibit both pancreatic exocrine secretion and pancreatic insulin secretion. 117, 131, 132, 136 To date, the bulk of PYY research has focused on appetite and feeding suppression albeit with potential therapeutic use for weight management and morbid obesity. Peptide YY , a selective NPY Y2 agonist, has been shown in both humans and animal models to reduce food intake, 42, 137, 138 by suppressing appetite through prohibiting NPY release in the arcuate nucleus. 42, 117, 136 Clinical use in pharmacological studies with both intranasal and oral preparations of PYY , however, has resulted in significant side effects that are dose-dependent, and include severe nausea and vomiting. 42, 137, 139 These side effects may represent a significant obstacle to what is otherwise promising preliminary studies of PYY in the management of obesity.
PYY Signaling and Effect within the Liver
Despite the vast amount of research detailing the effect of PYY on appetite and satiation, there is very little data on its effects in the liver, particularly with respect to lipid homeostasis. Initial studies, demonstrated that both medium-and long-chain fatty acids stimulated PYY release, and PYY treatment increased both intestinal and liver fatty acid binding protein (LFABP) expression. [140] [141] [142] New research insights into how PYY modulates fatty acid metabolism is limited, and recent reports present conflicting data. Experiments in mice by Pedersen et al using PYY analogues reported a reduction in nonesterified FAA and TG. 143 Conversely, experiments by Shi et al using transgenic PYY mice revealed that PYY overexpression resulted in increased fatty acid synthesis capacity, due to a reduction in phosphorylated acetyl-CoA carboxylase, and hepatic lipogenic capacity. 144 Consequently, more studies are needed to clarify the role of PYY in NAFLD and T2DM.
Biology of Pancreatic Polypeptide: Gut Sensor of Satiety
Pancreatic polypeptide (PP) is a 36 amino acid hormone, that like NPY and PYY, has a tertiary hairpin fold, amidated C-terminal ends, and an extended polyproline helix and α helix connected by a β turn, giving it a characteristic U-shape. 117, 145, 146 Originally isolated from chicken pancreatic extracts, PP is produced in the islets of Langerhans, and is released by the F cells postprandially via vagal-(cholinergic-) dependent mechanisms. 42, 117, [145] [146] [147] Unlike PYY's wide gut distribution, PP is primarily expressed in the pancreas, with smaller populations of EEC in the small and large intestine 146, 148 . Endogenous PP has a short halflife (~ 7 min) due to cleavage by DPPIV. 149 Pancreatic polypeptide release in response to a meal is in direct proportion to caloric intake with levels remaining elevated for up to 6 hours. 149, 150 Studies of PP acute administration reveal reduced food intake in rodents and humans 145, 151 ; while chronic administration has been shown to reduce weight gain and decrease energy expenditure. 145 Additionally, PP functions to inhibit pancreatic exocrine secretion, gallbladder motility, and gastric emptying. 42, 149, 152 Pancreatic polypeptide is a high-affinity Y4 agonist 153 and experiments by Lin et al in Y4 receptor knockout mice demonstrated that PP inhibits food intake primarily through the anorexigenic α-melanocyte stimulating hormone signaling pathway within the arcuate nucleus of the hypothalamus. 154 There is very little data on PP in relation to lipid metabolism and homeostasis. However, circulating PP levels have been found in obese patients to be reduced, while the postprandial PP response in patients with anorexia nervosa is hyperresponsive. 149, [155] [156] [157] The plasticity of Y receptors provides a plausible mechanism whereby PP could have direct action related to intermediary and lipid metabolism.
Summary and Conclusions
Gut hormones are products of the EEC system, a collection of cells arising from GI tissue for which the L cell is the best studied and a major source for synthesis and secretion. Recent research demonstrates nearly all of these peptides have pleotropic effects on key organs and can modulate satiety, suppress appetite, and alter GI motility. Furthermore, important data are emerging with respect to gut peptide modulation of FFA and TG metabolism in the liver. Finally, there are relevant relationships between gut-peptide control of appetite, obesity, and MetS-of which NAFLD is a central clinical feature. As we have described in this review, and outlined in ►Tables 1 and 2, and in ►Fig. 3, there are several ways to classify gut peptide hormones: the EEC type, for example, α which synthesizes glucagon; or anatomically in the GI tract, such as the pancreas. For our purposes, physiological function of the gut peptides, both known and novel, is probably the most important aspect for liver biologists and clinicians to become familiar with this class of hormones. We anticipate that nearly all of these peptides could be synthesized as pharmacological analogues and will become more important clinically in the near future. As a final note, we did not discuss glucagon, somatostatin, gastrin, cholecystokinin, and serotonin primarily because little is known at present with respect to their respective effects on hepatic lipid metabolism.
Here we have reviewed in some detail seven EEC-related gut peptide hormones. Glucagonlike peptide 1 and GIP are historically known as incretins, whereas GLP-2 promotes intestinal mucosal growth and ultimately improves intestinal barrier function. Recently, GLP-1 analogues have been shown to play a key role in reducing hepatocyte FFA stores through a variety of mechanisms-though controversy still remains over whether these effects are direct (receptor mediated in hepatocytes) or indirect (through the actions of decreased absorption or action on adipocytes). Glucose-dependent insulinotropic peptide appears to increase lipid absorption and re-esterification of FFA and, thus, despite being an incretin, does not share the beneficial effects of GLP-1 with respect to fat metabolism. Taken together, however, GLP-1 and GLP-2 may be beneficial in the treatment of NAFLD because of respective complementary mechanisms reviewed. The other four EEC gut peptides discussed-NPY, OXM, PYY, and PP-at present seem to have more potential in the treatment of obesity as opposed to directly impacting hepatic FFA metabolism; however the reader is referred to ►Table 2 and ►Fig. 3 for notable exceptions. Although these data are limited, an attractive component to this group of peptides, nonetheless, is their potential to suppress appetite, increase satiety, and slow GI motility. The role of neurogenic regulatory events in the liver that are controlled centrally will be critical to using gut peptides that control satiety and modulate energy homeostasis since data suggesting that protective effects of gut peptide hormones in the liver are via hepatic nerve endings. 95, 96, 158 In conclusion, the epidemic of obesity and its treatment with more frequent use of bariatric surgery has fueled great interest in EEC-synthesized gut peptides, pharmacological analogues, and their respective contributions to satiety, energy partitioning, as well as novel functions with respect to lipid handling. On the other hand, recent data have raised concerns that long-term administration of GLP-1 analogues may increase the risk of pancreatitis, and certain types of pancreatic tumors in rats. Because GLP-1 is a mitogen for pancreatic tissues, these concerns warrant further study. Undoubtedly, the next several years will be crucial for NASH therapeutic development. Although preliminary data offer tantalizing results, more work needs to be done to understand exactly how EEC-related hormones modulate hepatocyte lipid metabolism and how gut hormone analogues can be exploited to treat MetS, and in particular NAFLD, safely and effectively. Key signaling elements in the differentiation of enteroendocrine cells. Enteroendocrine cells are derived from gut epithelial stem cell lineage in which Wnt signaling, via the LGR5 receptor, activates Notch negative progenitor cells. These ultimately become secretory cells at maturation. By contrast, Notch positive progenitor cells follow a differentiation pathway that maintains absorptive capacity in the gastrointestinal lumen. Multiple potential roles for glucagon-like peptide 1 (GLP-1) and GLP-1 analogues in modulating hepatocyte fatty acid and lipid metabolism. Although there is controversy as to the specificity of a G-protein-coupled receptor (GPCR) for GLP-1 in hepatocytes (see text), it is now well-established that GLP-1 proteins enhance β oxidation of free fatty acids (FFAs) in steatotic hepatocytes. We have also demonstrated that GLP-1 analogues exendin-4 and liraglutide can stabilize the unfolded protein response (UPR) and mitigate the death pathway via apoptosis when endoplasmic reticulum stress overload occurs: iGLP-1 can protect hepatocytes from lipotoxicity. We have also demonstrated that liraglutide can increase macroautophagy (or lipophagy) to eliminate FFA stores by lysosomal degradation as assessed by autophagic flux. Bariatric surgical procedures modify L-cell peptide release and net bile salt absorption from the enterohepatic circulation: Implication for weight loss and increased L-cell function. Surgical procedures for weight reduction (but not restrictive procedures such as adjustable gastric banding or vertical banded gastroplasty) reduce the dipeptidyl peptidase IV (DPPIV) degradation of peptides secreted from the L-cells, increasing their ability to affect triglyceride metabolism and usage. These procedures reduce absorption of intestinal free fatty acids (FFAs), but can also lead to increased diarrhea and excess weight loss secondary to dumping syndrome. Conversely, L cells are stimulated by increased exposure to medium and long FFA, as well as increased presentation of bile acids to the distal small intestine and proximal colon. Bile acids augment release of glucagon-like peptide-1 (GLP-1), and the costimulated incretins GLP-2 and glucose-dependent insulinotropic peptide (GIP) by L cells because bile salts are known to avidly bind TGR-5-the principle receptor for bile salts on L cells. Increased ligand binding enhances incretin output and in turn increases insulin secretion by pancreatic β cells enhancing systemic insulin sensitivity. Additional changes in peptide YY (PYY) secretion after surgery appear to blunt the significant release of GLP-2, GIP, and neuropeptide YY (NPY). 
